Our results demonstrate that S. pombe Rap1 binds which is located at the leading edge of the moving nucleus to telomeres through interaction with Taz1, similar [3]. Using fluorescence microscopy, we examined the loto human Rap1-TRF2, and that Taz1-mediated calization of Taz1-GFP, Rap1-GFP, and the telomeres telomere localization of Rap1 is necessary for within meiotic prophase nuclei. As shown in Figure 2a- prophase nuclei examined (Figure 2c ). In addition, colocalization of Rap1-GFP with Taz1-HA was observed in all together, Rap1 and Taz1 localize to the leading edge of the moving nucleus where the telomeres are clustered at 
. The Myb domain of S. pombe Rap1 shares characteristics found in that of S. cerevisiae and human Rap1 proteins, i.e., tryptophan residues conserved in typical Myb domains are replaced by phenylalanine or tyrosine in the Rap1 Myb domain (indicated by asterisks) [16] . No obvious similarities of amino acid sequences for Myb-R2 and transactivation (TA) domains are found in S. pombe or in human; coiledcoil region ("C") is found only in human RAP1. The RCT (Rap1 C terminus) domain defined in S. cerevisiae and human Rap1 [16] is not found in S. pombe Rap1 at its C terminus. The RCT domains contain the putative NLS that may arise sequence similarity in S. cerevisiae and human. S. pombe Rap1 has the putative NLS at an internal region, but not at the C terminus; no RCT domain is found near the internal NLS, either.
Fission yeast Rap1 is essential for meiosis
examined (9%), and multiple telomere signals were observed in the remaining nuclei (91%). On the other hand, Disruption of the taz1 gene does not affect mitotic growth but does lead to telomere elongation; it also leads to failure Taz1 was associated with each of the multiple telomeres in the absence of Rap1 ( Figure 3d) ; 96% of 270 Taz1-of telomere clustering in meiotic prophase, decreased meiotic recombination, and formation of inviable spores GFP spots observed in 80 nuclei colocalized with telomeres. Next, we observed the localization of telomeres during meiosis [11, 12] . To examine the functions of S. pombe Rap1, we disrupted the rap1 gene. Disruption of and the SPB in living rap1⌬ cells by using Taz1-GFP and a fusion of the SPB protein Sad1 with red fluorescent the rap1 gene showed that Rap1 is nonessential for mitotic growth (data not shown) but leads to elongation of teloprotein (Sad1-DsRed). Time-lapse observation in living cells clearly showed that the SPB migrated back and forth meres to an extent similar to taz1 disruption (Figure 3a) . Cells disrupted for both the taz1 and rap1 genes were and that the telomeres remained separate from the SPB (Figure 3e ). Note that one of the telomere signals (green) also mitotically viable with elongated telomeres ( Figure  3a) ; no synergistic effects were observed by double disrupappeares close to the SPB (red) in the top panel of Figure  3e but that the SPB moved away from the telomere spot tion of the taz1 and rap1 genes. During meiosis, rap1-disrupted cells (rap1⌬) fail to form normal spores (Figure at the later times (middle and bottom panels in Figure  3e ). Such a situation may account for some of the telomere 3b). Similar to taz1-disrupted cells (taz1⌬) [11, 12] , the number of asci containing four normal spores decreased signals apparently colocalizing with the SPB in fixed cells (lower panel in Figure 3c ). These results show that telofrom 78% in rap1 ϩ cells (n ϭ 115) to 8% in rap1⌬ cells (n ϭ 107), and random spore analysis showed that spore mere binding of Taz1 does not require Rap1, but Taz1 bound telomeres do not cluster at the SPB in the absence viability decreased from 81% to 7%. Thus, disruption of either the taz1 or rap1 gene has little effect on mitotic of Rap1. growth but causes severe defects in spore formation.
Telomere localization of Rap1 is mediated by Taz1
Next, to examine whether telomere binding of S. pombe We then examined the localization of telomeres and Taz1 proteins during meiotic prophase of rap1⌬ cells. In these Rap1 requires Taz1, we determined the localization of Rap1 during meiotic prophase of living taz1⌬ cells. In cells, the telomeres failed to cluster efficiently at the SPB (Figure 3c ; compare with Figure 2a) ; a single cluster of these cells, Rap1-GFP showed diffuse nuclear staining in 39 of 61 meiotic prophase nuclei (64%), indicating no telomeres at the SPB was observed in only 6 of 65 nuclei Interaction of Rap1 with Taz1 at the telomere. (a) Localization of telomeres to the SPB in meiotic prophase cells. The telomeres of chromosomes 1 and 2 (green) were detected by fluorescence in situ hybridization by using the cosmid clone cos212 as a DNA probe, and the telomeres of chromosome 3 (blue) were detected by using rRNA genes as a DNA probe. SPB (red) was stained with antiSad1 antibodies. Sad1 is a wellcharacterized marker for the SPB in S. pombe [25] . The nucleus is displayed in white. colocalization with telomeres ( Figure 4a ). In the reout of 54 Rap1 spots) colocalizes with one of the telomere signals, as shown in the top panel of Figure 4c . On the maining nuclei, Rap1-GFP visualized as a single spot in 20 nuclei (33%) and as two spots in two nuclei (3%) other hand, in the majority of taz1⌬ cells, the Rap1-GFP signal remained diffuse throughout meiotic prophase, and ( Figure 4b ). For cells having a single Rap1-GFP signal, we determined the position of the telomeres relative to diffuse Rap1 does not seem to migrate to the SPB. These observations suggest a plausible model which is that Taz1 the Rap1 spot in fixed specimens. As previously reported [11], telomeres did not cluster normally during meiotic is necessary for localizing Rap1 efficiently to the telomere, but Rap1 is able to bind to a fraction of the telomeres prophase in taz1⌬ cells, but instead, multiple telomere signals (3-8 spots; 4.6 on average) were observed in 54 even without Taz1; Rap1-bound telomeres, with or without Taz1, are tethered to the SPB. of 57 meiotic prophase nuclei ( Figure 4c, top) ; only in three nuclei was a single clustered telomere signal observed near the Rap1 signal (data not shown). In the To further examine this possibility, we constructed Rap1 fused with the C-terminal 167 amino acid residues of nuclei with multiple telomere signals, most of the telomere signals did not colocalize with Rap1, although freTaz1, which contains the Taz1 Myb DNA binding domain (designated Taz1Myb). The Taz1Myb fragment binds to quently one of them would do so (Figure 4c, top) . Thus, we conclude that Rap1 does not localize properly to the the telomere but does not interact with Rap1 (Figure 2e ), and expression of Taz1Myb in taz1⌬ rap1 ϩ cells did not telomeres in the absence of Taz1. Taz1-dependent telomere binding of Rap1 implies that the phenotype seen cluster telomeres at the SPB (Figure 4c , bottom; Figure  4d ). In contrast, when the Rap1-Taz1Myb fusion was in taz1⌬ cells is caused by the loss of telomeric Rap1 and explains why taz1⌬ cells exhibit a phenotype similar to expressed in taz1⌬ rap1⌬ cells, telomeres frequently clustered at the SPB (Figure 4c , middle; compare with Rap1-that of rap1⌬ cells.
GFP in the top panel); clustering of all the telomeres at the SPB was observed in 56% of taz1⌬ rap1⌬ cells
Telomere localization of Rap1 is a key requirement for meiosis expressing the Rap1-GFP-Taz1Myb fusion construct To see whether the Rap1-GFP signal localized to the (Figure 4d ). This frequency is high compared with 2% SPB in taz1⌬ cells that exhibited a single Rap1-GFP for taz1⌬ rap1⌬ cells expressing Rap1-GFP or 7% for spot, we examined the position of the SPB in taz1⌬ cells taz1⌬ rap1 ϩ cells expressing GFP-Taz1Myb (Figure 4d ). expressing Sad1-DsRed. In 20 of 21 living cells in which Intriguingly, defects in spore formation and viability in the Rap1-GFP signal visualized as a single spot, the spot taz1⌬ rap1⌬ cells were also largely rescued by expression colocalized with the SPB at the leading edge of the oscilof Rap1-Taz1Myb (Figure 4d ). These results indicate that lating nucleus (Figure 4b ). Thus, a certain fraction of telomere binding of S. pombe Rap1 is a key requirement for Rap1 is able to localize to the SPB in meiotic prophase telomere clustering and for progression through meiosis. in the absence of Taz1. When Rap1 forms a single spot at the SPB in taz1⌬ cells, the Rap1 spot frequently (50 Our results highlight two major differences between S. regulation, and this function is essential for mitotic growth binds to the telomere as a monomer [17] , human TRF2 binds to the telomere as a dimer [16] . S. pombe Taz1 also binds to the telomere [20] , and second, telomere binding of S. pombe Rap1 as a dimer, but the Myb domain of Taz1 itself is capable of binding largely depends on Taz1, whereas S. cerevisiae Rap1 binds to the telomere as a monomer [26] . The Taz1Myb fragment does not directly to telomeric DNA [17] . The S. pombe Rap1-Taz1 form a dimer, but the Rap1-Taz1Myb fusion probably forms a dimer relationship, therefore, appears to more closely resemble through dimerization of the Rap1 portion.
the human case. Our results also demonstrate that the binding of S. pombe Rap1 to the telomere-naturally through interaction with Taz1 or by molecular fusion with repeats located at both ends of chromosome 3, and cos212 hybridizes the Taz1 DNA binding domain-ensures the progression to both ends of chromosomes 1 and 2. The SPB was detected with antiof meiosis in S. pombe. S. cerevisiae Rap1 associates with Sad1 antibodies [24] and stained with Alexa green-conjugated second telomeres in meiotic cells [21] , but its meiotic function antibodies (in simultaneous staining with telomere probes) or Texas redhas not been examined because appropriate mutant alleles conjugated second antibodies (in simultaneous observation with GFPtagged proteins). In in situ hybridizations, GFP-tagged proteins were that do not affect mitotic viability have not been made;
stained with anti-GFP antibodies and Alexa green-conjugated second human RAP1 also associates with meiotic telomeres [22] .
antibodies, since GFP fluorescence diminishes after hybridization proceAlthough schemes for telomere binding by Rap1 vary dures (otherwise GFP-tagged proteins were directly observed without among species, the conservation of Rap1 in yeasts and further staining). Microscopic images were obtained using the computercontrolled fluorescence microscope system (DeltaVision; Applied Precihuman and its localization to meiotic telomeres suggest sion, Inc., Seattle, Washington, USA), as described previously [25] . To that the key role of Rap1 in S. pombe meiosis may be visualize the SPB in living cells, the sad1 gene (1,542 base pairs of the conserved among eukaryotes.
coding sequence plus 614 base pairs immediately preceding; the entire sad1 coding sequence including its promoter region) was ligated inframe to the 5Ј end of the sequence encoding the DsRed red fluorescent
Materials and methods
protein (Clontech) followed by the nmt1 terminator sequence. The Sad1-
Gene disruption
DsRed fusion construct was integrated into the chromosome at the sad1 The rap1 gene was disrupted by replacing a portion of the rap1 gene gene locus by using the S. cerevisiae LEU2 gene as a selection marker. (base pairs 290-2208) with the S. pombe ura4 ϩ gene by using the Time-lapse observation of living S. pombe cells was carried out as PCR-based gene targeting method [23] . Strains disrupted for the taz1 described previously [25] . gene are gifts of Dr. Julie P. Cooper [11] .
Supplementary material Fusion constructs
Supplementary material including two movies of Taz1-GFP and Sad1-Taz1-GFP and Rap1-GFP fusion constructs were made as follows: the DsRed during meiotic prophase in living rap1 ϩ and rap1⌬ cells is availentire coding sequence of the taz1 gene with its own promoter region able online at http://images.cellpress.com/supmat/supmatin.htm. in-frame to the pGBKT7 (pGBKT-rap1) or to the pGADT7 (pGADT-rap1). 
